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The tetrapod limb, which has served as a paradigm for the study of development and morphological evolution, is becoming a paradigm for
developmental evolution as well. In its origin and diversification, the tetrapod limb has undergone a great deal of remodeling. These
morphological changes and other evolutionary phenomena have produced variation in mechanisms of tetrapod limb development. Here, we
review that variation in the four major clades of limbed tetrapods. Comparisons in a phylogenetic context reveal details of development and
evolution that otherwise may have been unclear. Such details include apparent differences in the mechanisms of dorsal–ventral patterning and
limb identity specification between mouse and chick and mechanistic novelties in amniotes, anurans, and urodeles. As we gain a better
understanding of the details of limb development, further differences among taxa will be revealed. The use of appropriate comparative techniques
in a phylogenetic context thus sheds light on evolutionary transitions in limb morphology and the generality of developmental models across
species and is therefore important to both evolutionary and developmental biologists.
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Interest in the tetrapod limb extends back at least to the first
half of the 19th century, where it was a focus in Richard
Owen’s idea of archetypal forms and used to exemplify the
term ‘‘homology’’ (Owen, 1848). Although Owen did not view
his archetypes as ancestral forms, his work contributed to
Darwin’s thinking that the similarities of animal form cannot be
explained entirely by functional need. The striking similarities
in the ‘‘framework of bones’’ and ‘‘the relative connexion of the
several parts’’ among tetrapod limbs with very different
morphologies and functions were used by Darwin as evidence
for his theory of descent with modification (Darwin, 1859).
The origin and diversification of tetrapod limb pattern has
remained a popular system for studying the evolution of
morphology (Coates, 1993; Eaton, 1951; Holmgren, 1933),
for which many factors make the tetrapod limb an excellent
model. Because the tetrapod limb has an extensive bony0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: geffrey.stopper@yale.edu (G.F. Stopper).structure that supports relatively little soft tissue, most of its
morphology is well preserved in fossils, allowing comparison
of fossils and extant forms with little missing information on
adult morphology. That most of the variation in these bony
elements in tetrapod limbs lies in two dimensions (the
proximal–distal and anterior–posterior planes) means that
the preservation of relevant information in fossils is often of
high quality. It also simplifies our conceptualization of its
structure, for much of the interesting evolutionary variation
among extinct and extant forms can be reduced to these two
dimensions. Finally, understanding the evolutionary origin of
tetrapod limbs is alluring as it represents a pivotal transition
in paired appendage morphology that contributed to the initial
success of tetrapods and facilitated the radiation of vertebrates
on land.
The tetrapod limb also has long been a model of
development and pattern formation (Ede and Law, 1969;
French et al., 1976; Harrison, 1918; Tschumi, 1957; Zwilling,
1955). Because the limb is relatively isolated from other parts
of the body, it is easy to observe throughout development, and
experimental manipulations of the limb are relatively simple
and non-invasive. Its isolation from the body also makes it288 (2005) 21 – 39
www.e
Fig. 1. Phylogeny of extant osteichtyans. Tree topology from many sources
Contentious nodes left unresolved as their specific topologies do not affect the
interpretation of data in this analysis. All extant species more closely related to
chick than to mammals called reptiles, after Gauthier et al. (1988). A–D
divergence nodes referred to in text. Divergence dates from Kumar and Hedges
(1998). MYA: million years ago.
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systems, simplifying interpretation of experimental results and
morphogenetic modeling of development.
The tetrapod limb’s long standing as a model for evolution
and development of morphology made it a natural player in
syntheses of developmental and evolutionary biology. Al-
though the use of information from developing limbs to make
inferences about limb evolution has early beginnings (Braus,
1906; Holmgren, 1933), recent technical advances, especially
the ability to observe and manipulate gene expression, have
greatly expanded the range of approaches available for
studying development and its evolution. These have renewed
interest in understanding the history of evolutionary develop-
mental changes that coincide with the origin and diversification
of tetrapod limb morphologies (Blanco et al., 1998; Coates et
al., 2002; Shapiro et al., 2003; Shubin et al., 1997; Sordino and
Duboule, 1996; Sordino et al., 1995; Wagner et al., 1999).
The confluence of a well-documented evolutionary history
and a solid mechanistic understanding of limb development
provides a unique opportunity to address some fundamental
questions in evolutionary biology. It has been argued that
developmental biology is necessary to understand evolution-
ary novelties because novel morphologies result from the
developmental potential of ancestral developmental mechan-
isms (Wagner, 2000). Hence, tetrapod limb development and
evolution have the potential to become a paradigm of the
power of including developmental biology into evolutionary
theory. There is, however, a difference in the tradition of
developmental biology and evolutionary biology, which
makes the integration of these fields difficult. Developmental
biologists emphasize the generalities, sometimes obscuring
real biological differences between taxa, while differences
among species are the life-blood of evolutionary biology. The
focus on the universality of developmental mechanisms is
exemplified by the fact that the majority of experimental
research on limb development was and is done on just two
model species, the mouse and the chick. These species, both
amniotes, represent only a nested subset of extant tetrapods
(Fig. 1). Some limited work on amphibian limb development
has supported the notion that similar mechanisms also are at
work in the development of more distantly related tetrapods
(Gardiner et al., 1995; Imokawa and Yoshizato, 1997), but
very little attention has been paid to results suggesting
differences among amniotes and amphibians. Because these
differences could teach us much about the evolutionary
history of limb developmental mechanisms, we argue that
they should be made the focus of more intense research. The
present review gives an overview of the mechanistic
differences in limb development among tetrapods of particular
interest to developmental and evolutionary developmental
biology.
Sources of developmental variation among tetrapods
Through its origin and diversification, the tetrapod limb
has undergone many morphological transitions. These transi-
tions in adult morphology are effected by mechanistic.
:changes in the network of developmental genes directing limb
patterning. This has undoubtedly resulted in variation in
developmental mechanisms among tetrapods with different
limb morphologies.
Besides this obvious source of variation in developmental
mechanisms underlying morphologically different adult struc-
tures, variation in developmental mechanisms can also arise in
situations that are less obvious—under a conserved adult
phenotype. This can occur in several scenarios.
First, changes in developmental mechanisms under a
conserved adult morphology can arise when there are non-
adaptive changes in limb morphology at stages prior to it
reaching its adult morphology. Non-adaptive changes can
occur in cases where there is little to no selective pressure on
the limb morphology as it is developing and selective pressure
only acts on the limb when much, or all, of the adult
morphology is already developed. This might be the case in
animals that are born or hatched having already attained adult
limb morphology. Examples may include direct-developing
amphibians (Wake and Marks, 1993), many reptiles, and
placental mammals.
Second, changes in developmental mechanisms under a
conserved adult morphology can arise when there are adaptive
changes to the limb morphology at stages prior to it reaching its
adult morphology. These situations can exist in cases where
developing limbs must interact with the environment well
before they have attained adult morphology. Examples include
larval amphibians, whose limbs may be used for stabilization in
the water or walking (pond larvae of salamanders; Wake and
Marks, 1993), and most marsupial mammals, which use their
forelimbs to crawl from the mother’s vagina to her pouch
(Gemmell et al., 2002).
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conserved adult morphology can arise when an adult morphol-
ogy has been selected for a strict stabilization. Under this strict
selective pressure, the development of an adult morphology
can become robust to mutational or environmental perturba-
tion, or ‘‘canalized’’ (Waddington, 1942). By thus reducing or
eliminating the effects of changes in these underlying
mechanisms, drift allows random changes in these develop-
mental mechanisms to accumulate in a process known as
‘‘phenogenetic drift’’ (Weiss and Fullerton, 2000). When this
drifting mechanism for a canalized phenotype exists during the
process of multiple lineages diverging from a single ancestral
population, these multiple lineages can retain exactly the same
adult phenotypes but construct them by very different
developmental mechanisms.
The importance of understanding variation
It is important for us to recognize, elucidate, and understand
these differences in developmental mechanisms among tetra-
pod limbs for many reasons. Data on extant developmental
mechanisms from multiple taxa can be used to reconstruct
ancestral mechanisms of limb development for all tetrapods, or
any clade within tetrapods, and thus help reveal the changes in
developmental mechanisms associated with the origin of the
limb and evolutionary transitions in limbs within tetrapods.
The details of these phylogenetic character mapping methods
and parsimony-based inference are beyond the scope of this
article and covered extensively in other texts (Donoghue, 1989;
Hennig, 1966). Developmental mechanisms can also be taken
as characters, mapped on a tree, and their evolutionary histories
reconstructed, just as is commonly done with adult morpho-
logical characters or single nucleotide bases (Mabee, 2000;
Richardson et al., 2001). We will use these methods to attempt
to reconstruct ancestral states and evolutionary transitions
throughout this analysis. This can help us to pinpoint
transitions in developmental mechanisms that are associated
with specific morphological changes and better understand
how these mechanistic changes relate to the evolution of
morphology (see Discussion below).
These tools are not only of importance and utility for
evolutionary biologists. Researchers interested primarily in
understanding developmental mechanisms or human limb
abnormalities can benefit from a better understanding of
tetrapod limb variation. As more is learned about details of
limb development mechanisms in different species, the
methods of evolutionary comparative development can help
us understand how specific mechanisms manifest specific
morphologies, and the extent of applicability of models across
species (see Discussion below).
Variable development
Tetrapods have two sets of paired limbs. Each limb develops
as an initial budding outward from the dorsal–ventral border of
the body’s flank. One pair arises from the pelvic region and one
from the pectoral region. Limb buds extend outward from thebody wall and generally begin specifying skeletal elements in a
proximal to distal sequence, culminating in digits at the distal
end. The limb is typically divided into 3 morphological
segments for description: the stylopod (humerus or femur),
the zeugopod (radius and ulna or tibia and fibula), and the
autopod (wrist bones and fingers or ankle bones and toes).
Data included in the following analysis of variation come
from studies on tissue level interactions, gene expression
patterns, and gene and protein function. We have divided this
analysis into several partially independent aspects of limb
development. First, we examine the positioning of limbs along
the body axis and the initiation of limb budding. Second, we
explore recently elucidated differences in specification of
identity between forelimbs and hindlimbs. Third, we look at
patterning along each of the three major limb axes (proximal–
distal, dorsal–ventral, and anterior–posterior), which appear to
be more than arbitrary partitions as there is a great deal of real
morphogenetic signaling corresponding to these axes. Finally,
we examine variation in mechanisms of the development of
digits, which harbor a great deal of the obvious morphological
differences among tetrapod limbs. We compare each of these
aspects of limb development, where possible, among the four
major clades of limbed tetrapods (summarized in Table 1):
mammals (usually represented by the mouse, Mus musculus),
reptiles (usually represented by the chick, Gallus gallus),
anurans (usually represented by Xenopus laevis, or Eleuther-
odactylus coquii), and urodeles (usually represented by axolotl,
Ambystoma mexicanum, or a newt, Notophthalmus virides-
cens). All known extant apodans lack limbs and are thus
excluded from the analysis. We include commentary on non-
tetrapod outgroups only when we find it to make a significant
contribution to the interpretation of tetrapod data.
Limb positioning and initiation
Limited information has been discovered regarding the
molecular mechanisms determining the positioning of limb
buds along the body axis. Most of these data have been
revealed by comparisons of Hox gene expressions across
species. Several Hox genes were found to have anterior
expression boundaries with conserved associations with axial
morphological boundaries between chick and mouse, even
when the somitic level of those boundaries is not conserved
(Burke et al., 1995). For instance, the anterior limit of
mesodermal Hoxc-6 gene expression was found to be
coincident with the border of cervical and thoracic vertebrae
and therefore the middle of the budding forelimb, in mouse,
chick, and goose (Burke et al., 1995). In the frog X. laevis,
despite the lack of a clear morphological border between
cervical and thoracic vertebrae, the anterior boundary of
mesodermal Hoxc-6 protein expression was similarly found
to correspond to axial location of middle of the budding
forelimb (Burke et al., 1995). This correlation holds across
these species in the face of drastic variation in the number of
cervical vertebrae among them. Furthermore, in pythons—
snakes with little morphological distinction among vertebrae in
different regions, no forelimbs, and rudimentary hindlimbs—
Table 1
Summary of variation in mechanisms of limb development among limbed tetrapods
Character Anurans Urodeles Reptiles Mammals
Limb positioning and initiation
Tbx3 function in limb
positioning
No report we know of. No report we know of. Ectopic expression of repressor and activator
forms of Tbx3 in chick can shift limbs by up
to 3 somites anterior or posterior,
respectively (Rallis et al., 2005).
Homozygous Tbx3 knockouts develop both
hindlimbs and forelimbs at normal locations
(Davenport et al., 2003).
Fgf-8 expressed prior to
budding
Not detected in presumptive limb
regions prior to budding (Christen
and Slack, 1997).
Detected in ectoderm of presumptive
limb regions prior to budding
(Han et al., 2001).
Detected in ectoderm of presumptive limb
regions prior to budding (Crossley et al.,
1996; Mahmood et al., 1995).
Detected in ectoderm of presumptive limb
regions prior to budding (Mahmood et al., 1995).
Limb identity
Forelimb vs. Hindlimb
identity
Tbx5 expressed in forelimb, Tbx4 in
hindlimb of X. laevis (Takabatake
et al., 2000).
Tbx5 and Tbx4 expressed in both
forelimbs and hindlimbs of N.
viridescens. Same pattern for their
proteins found in A. mexicanum
(Khan et al., 2002).
Tbx5 expressed in forelimb, Tbx4 in
hindlimb (Logan et al., 1998). Ectopic
expression of either in the wrong limb
partially transforms identity to the other limb
type (Rodriguez-Esteban et al., 1999;
Takeuchi et al., 1999).
Tbx5 expressed in forelimb, Tbx4 in hindlimb
(Gibson-Brown et al., 1996). Tbx5 not necessary
for forelimb identity, Tbx4 in forelimb does not
transform to hindlimb identity (Minguillon et al.,
2005).
Proximal–distal axis
AER Present in many species, but not all,
generally develops later than in
amniotes and is less pronounced
(Richardson et al., 1998; Sturdee and
Connock, 1975).
Not present—apical epidermal cells
of developing limbs are unspecialized
with no organizational or morphological
properties distinct from those of the
proximal epidermis
(Sturdee and Connock, 1975;
Tank et al., 1977).
Present in most investigated reptiles, even
some investigated reptiles with rudimentary
limbs (Raynaud, 1985), but not found in
some species with greatly reduced or lost
limbs (Cohn and Tickle, 1999; Raynaud,
1985).
Present in all investigated mammals, even
investigated mammals with rudimentary limbs
(Sedmera et al., 1997).
Fgf-8 expression Expressed in the distal epidermis, in a
region closely corresponding to the
amniote AER and amniote Fgf-8,
even at stages when no AER is
present, becomes anteriorly biased at
later stages (Christen and Slack, 1997).
Expressed early epidermally then
fades as expression begins in distal
mesenchyme and subdermal tissue
persisting, with greater intensity
anteriorly, until fading during digit
development (Han et al., 2001).
Expression during outgrowth restricted to the
AER (Mahmood et al., 1995; Vogel et al.,
1996).
Expressed early in ventral epidermis then
becomes restricted to the AER, expressed at high
levels along its entire length until the AER is
regressing (Crossley and Martin, 1995;
Mahmood et al., 1995; Xu et al., 1998).
ihh/bhh expression No report we know of. Expressed broadly in limb bud from
very early stages, but not associated with
developing skeletal elements
(Stark et al., 1998).
Expressed in developing cartilaginous
condensations, not at earlier stages in limb
(Vortkamp et al., 1996).
Expressed in developing cartilaginous
condensations, not at earlier stages in limb
(Yang et al., 1998).
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Hoxd-11 expression No report we know of. At early stages of autopod
differentiation expressed in two
anterior–posterior bands, one
proximal to autopod with weak
anterior expression and one weak
distal domain restricted to posterior
(Torok et al., 1998).
At early stages of autopod differentiation
expressed in two anterior–posterior bands,
but not extending quite to anterior margin,
one proximal to autopod and one at distal
extent of limb (Nelson et al., 1996).
At early stages of autopod differentiation
expressed in two anterior–posterior bands, one
proximal to autopod and one at distal extent of
limb (Davis and Capecchi, 1994).
Dorsal–ventral axis
Wnt-7a Expressed diffusely in ectoderm and
mesenchyme (Christen and Slack,
1998).
No report we know of. Expressed in the dorsal ectoderm (Dealy
et al., 1993; Rodriguez-Esteban et al., 1997).
Expressed in the dorsal ectoderm (Kimmel et al.,
2000; Parr et al., 1993).
R-fng Expressed in dorsal and ventral
ectoderm and mesenchyme
(Christen and Slack, 1998).
Expressed in dorsal and ventral
ectoderm and mesenchyme
(Cadinouche et al., 1999).
Expressed in dorsal ectoderm prior to AER
formation, ventral ectopic expression causes
ectopic AERs (Laufer et al., 1997;
Rodriguez-Esteban et al., 1997).
Expressed in dorsal ectoderm prior to AER
formation, knockouts develop AER normally
(Moran et al., 1999).
Anterior–posterior axis
shh expression Expressed in the posterior limb,
remaining distal as limb extends
(Endo et al., 1997; Hanken et al.,
2001).
Expressed in the posterior limb, with
later expression restricted to a more
proximal, smaller domain than in other
tetrapod taxa (Imokawa and
Yoshizato, 1997; Torok et al., 1999).
Expressed in the posterior limb, remaining
distal as limb extends (Riddle et al., 1993).
Expressed in the posterior limb, remaining distal
as limb extends (Chang et al., 1994;
Roelink et al., 1994).
Digits
Ancestral number of
forelimb digits
4 4 5 5
Order of Digit
Development
Penultimate posterior digit first
(or one anterior to it, simultaneously)
followed by differentiation in an
anterior sequence and de novo
development of most posterior digit
(Alberch and Gale, 1985;
Shubin and Alberch, 1986).
Digits I and II first, then development
proceeds posteriorly (Alberch and
Gale, 1985; Shubin and Alberch,
1986).
Penultimate posterior digit first followed by
differentiation in an anterior sequence and
most posterior digit by de novo condensation
or independent connection to ulnare
(Shubin and Alberch, 1986).
Penultimate posterior digit first followed by
differentiation in an anterior sequence and most
posterior digit by de novo condensation
(Shubin and Alberch, 1986).
Zones of Interdigital Cell
Death?
No apparent zones of increased cell
death in interdigits, digits patterned
by budding and outgrowth
(Cameron and Fallon, 1977).
No apparent zones of increased cell
death in interdigits, digits patterned
by budding and outgrowth (Cameron
and Fallon, 1977; Vlaskalin et al.,
2004).
Zones of relatively high cell death in
interdigits contribute to patterning of digits
from autopod plate (Fallon and Cameron,
1977; Goel and Mathur, 1978; Saunders
and Gasseling, 1962).
Zones of relatively high cell death in interdigits
contribute to patterning of digits from autopod
plate (Ballard and Holt, 1968; Dupe et al., 1999;
Kelley, 1970).
Hoxa gene expressions
associated with digit
outgrowth
Hoxa-13 expressed in distal tips of
each developing digit as they are
differentiating and extending
(Lombardo and Slack, 2001).
Hoxa-11 expression in tips of digits III
and IV (Wagner et al., 1999).
No report we know of on Hoxa genes during
digit outgrowth.
Hoxa-13 in distal interdigital tissue and
peridigital tissues (Knosp et al., 2004).
hedgehog orthologue
expression in digits
No report we know of for hedgehog
genes associated with digit
outgrowth.
Expression found in digits I and II
with shh probe (Torok et al., 1999).
ihh expressed in differentiating limb bones,
including digits (Vortkamp et al., 1996).
ihh expressed in differentiating limb bones,
including digits (Yang et al., 1998).
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Fig. 2. Key for state reconstructions and variation in mechanisms of limb
initiation. Key refers to character state assignments, unless otherwise noted fo
an individual state reconstruction. For this and subsequent figures, characte
states that are present at a branch tip but not shared by other taxa do no
represent a parsimony reconstruction of the ancestral state of that entire clade
In these cases, the character state instead only represents the state for the single
taxon from which data were taken or the most recent common ancestor o
multiple taxa if data are from more than one taxon from that clade. Fo
example, the novel absence of Fgf-8 expression prior to limb budding in
anurans in this figure may only represent X. laevis from which data were
collected or some other subset of anurans. We do not claim to have pinpointed
these transitions to the stems of these extant clades but have made this
simplification for consistency among figures. A: anurans (frogs), U: urodeles
(salamanders), R: reptiles (including birds), M: mammals.
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boundary extended anteriorly to the head. This, along with a
similar anterior extension of Hoxc-8, was suggested to be
responsible for an evolutionary transformation of cervical
vertebrae to a thoracic identity and an associated elimination
of the expression boundary implicated as the forelimb
positioning mechanism (Cohn and Tickle, 1999). Even though
this correlation holds robustly across so many taxa, however,
Hoxc-6 has not been shown to function in specifying limb
location. Ectopic misexpression of Hoxc-6 in the chick cervical
region affected the development of spinal nerves, but no effect
on forelimb position was reported (Burke and Tabin, 1996).
Despite the many investigations of Hox gene function in many
species, we know of only one report that found any of them to
affect limb position—Hoxb-5 heterozygous mutant mice
exhibit a slight anterior shift of forelimbs (Rancourt et al.,
1995). Tbx3 has recently been implicated in the positioning of
forelimbs. In chick, Tbx3 appears to be a transcriptional
repressor and is normally expressed in presumptive limb
regions prior to budding, becoming predominantly expressed
in the posterior of the limb region at budding (Rallis et al.,
2005). Its misexpression causes an anterior shift in forelimb or
hindlimb location, whereas expression of an engineered
activator form causes a posterior shift in forelimb location
(Rallis et al., 2005). Limbs can be shifted by up to three
somites, and these shifts do not affect the normal domains of
axial Hox gene expression or normal patterning of the limbs
themselves (Rallis et al., 2005). This strongly suggests a role
for Tbx3 in the determination of limb position in chick. In
mouse, however, Tbx3 is not required to induce limb position
as homozygous Tbx3 knockouts develop both forelimbs and
hindlimbs at normal positions (Davenport et al., 2003). With
current data, it is unclear whether this reflects an evolutionary
difference in limb induction and positioning between chick and
mouse or if Tbx3 has a conserved sufficiency to determine limb
position but is not necessary. Unfortunately, we know of little
comparable information from amphibians (Fig. 2). Further
investigations of Tbx3 function in various tetrapod taxa, Hox
gene functions, and other currently unidentified limb position-
ing genes stand to greatly advance our knowledge of the
mechanisms of positioning limbs along the body axis.
Distal-less gene expressions are associated with body out-
growths in many taxa, including many vertebrates and inverte-
brates, and have been suggested to play a functional role in the
general induction of outgrowths (Panganiban et al., 1997). There
are 6 known Distal-less (Dlx) genes in mammals (reviewed in
Panganiban and Rubenstein, 2002). These exhibit different
expression patterns prior to limb development in different clades
of tetrapods, though comparison of results across clades is
difficult due to differing sampling methods. An antibody that
was developed to a very conserved region of the Distal-less
proteins (Panganiban et al., 1995) was used to identify
expression in some tetrapods. This antibody specifically binds
Distal-less in arthropods and amphioxus and is known to do so
for many of the mammalian Dlx paralogues as well (Panganiban
et al., 1995, 1997), and so likely binds all vertebrate Dlx
paralogues. In mouse, using this antibody, expression was foundr
r
t
.
f
rlocalized to presumptive limb regions just prior to the beginning
of outgrowth (Panganiban et al., 1997). In chick, Dlx-5 is
expressed broadly in the flank then becomes restricted to
presumptive limb regions just prior to budding (Ferrari et al.,
1999). In the direct developing anuran E. coqui, using the same
antibody that was used in mouse to broadly detect all Dlx
paralogues, the earliest reported expression is just after the limb
buds are morphologically distinct (Hanken et al., 2001). Stages
immediately prior to budding were not investigated, so it is
unclear if there is expression prior to budding (L. Olsson,
personal communication). The only Dlx gene whose investiga-
tion we know of in urodeles, Dlx-3, exhibits ubiquitous low-
level epidermal expression prior to budding but is not expressed
in a restricted region relative to the limb bud until after budding
(Mullen et al., 1996). Expression patterns of many of the Dlx
genes are unknown in many relevant taxa, and whether any
combination of them plays a functional role in the initiation of
limb budding in tetrapods is unknown. But, if Dlx genes do play
the role in inducing body outgrowths suggested by Panganiban
and colleagues (1997), further comparable investigations into
their functions and the differences in expression among species
are needed to understand their roles in development and how
conserved they are among tetrapods.
Fibroblast growth factors (FGFs), a family of intercellular
signaling molecules, are also thought to play a role in the
initiation and maintenance of limb outgrowth and show
G.F. Stopper, G.P. Wagner / Developmental Biology 288 (2005) 21–39 27variable expressions prior to limb budding among the four
major clades of limbed tetrapods. In mouse, Fgf-8 expression is
found prior to the initiation of limb budding in the ectoderm of
prospective limb regions (Mahmood et al., 1995). In chick,
Fgf-8 is expressed in the intermediate mesoderm below the
prospective forelimb and in the prospective intermediate
mesoderm below the hindlimb. Then, as in mouse, it is
induced in the ectoderm of prospective limb regions (Crossley
et al., 1996; Mahmood et al., 1995). In the anuran X. laevis,
however, Fgf-8 is not found in prospective limb regions prior
to limb budding as it is in amniotes (Christen and Slack, 1997).
The pattern in urodeles, however, appears to be the same as that
in amniotes (Fig. 2; Han et al., 2001).
Fgf-8 itself does not appear to be required for limb initiation
in mouse as Fgf-8 knockouts initiate limb budding normally
(Boulet et al., 2004), thus questioning the functional impor-
tance of the variation in Fgf-8 expression prior to budding.
FGF-10, however, appears to regulate the induction of Fgf-8 in
chick as its ectopic application along the medial flank quickly
induces Fgf-8 followed by the development of an ectopic limb
(Ohuchi et al., 1997). Furthermore, Fgf-10 knockouts in mice
exhibit a lack of limb initiation (Min et al., 1998) or cessation
of limb outgrowth almost immediately after budding (Sekine et
al., 1999) and an apparent failure of corresponding Fgf-
8 induction (Sekine et al., 1999), suggesting FGF-10 is both
necessary and sufficient to induce Fgf-8 expression. Whether
anurans express Fgf-10 prior to limb budding is unknown.
Based on the conserved expression of Fgf-8 among the non-
anuran tetrapod taxa, we might assume a conservation of the
mechanism of FGF-10’s requirement for limb induction and
ability to induce Fgf-8 expression. If this assumption is true,
these data suggest that, in the anuran lineage, there has been
some change in the mechanism of limb initiation (i.e. loss of
FGF-10 requirement for limb initiation) or in the regulatory
relationship between FGF-10 and Fgf-8 (i.e. disconnection of
FGF-10’s ability to induce Fgf-8 expression in the presumptive
limb bud). If the assumption of conservation of this mechanism
in non-anuran tetrapod taxa is invalid, it obviously follows that
there has been some other change or changes in this
mechanism among tetrapods, which we do not yet have
enough data to infer. The evolution of the function of these
genes in limb initiation can be clarified by investigating the
ability of FGF-10 to induce Fgf-8 expression in tetrapods
besides chick and whether limbs form in the absence of FGF-
8 or fail to form in the absence of FGF-10, in species besides
mouse.
Limb identity
Functional specification of forelimb and hindlimb identity
may differ between chick and mouse (Minguillon et al., 2005).
In both mouse and chick, Tbx5 is expressed in presumptive and
outgrowing forelimbs (Gibson-Brown et al., 1996; Logan et al.,
1998), and Tbx4 (Gibson-Brown et al., 1996; Logan et al.,
1998) and Pitx1 (Lamonerie et al., 1996; Lanctot et al., 1997;
Logan et al., 1998; Shang et al., 1997) are expressed in
presumptive and outgrowing hindlimbs. Ectopic Tbx4 in chickforelimb causes partial wing to leg transformation, and ectopic
Tbx5 in chick leg causes partial leg to wing transformation
(Rodriguez-Esteban et al., 1999; Takeuchi et al., 1999). Ectopic
Pitx1 in chick forelimb also causes partial wing to leg
transformation (Logan and Tabin, 1999; Szeto et al., 1999).
When the functions of these genes were assayed in mouse,
however, an interesting contrast to the chick results was found.
If endogenous Tbx5 was absent from the forelimbs, ectopic
Pitx1 and Tbx4 caused a forelimb to hindlimb transformation,
as expected based on the chick results. Ectopic Tbx4 in the
forelimb without Pitx1, however, did not show the same
potential to cause a hindlimb transformation in the forelimb—
Tbx4 rescued the normal forelimb phenotype with no apparent
transformation to hindlimb identity (Minguillon et al., 2005).
In the anuran X. laevis, these two genes are expressed in a
pattern very much like that in chick and mouse (Takabatake et
al., 2000). Within the urodeles, however, Tbx4 and Tbx5 genes
are expressed in both developing forelimbs and hindlimbs of N.
viridescens (Khan et al., 2002). These data suggest that the
amniote and anuran expression patterns represent the ancestral
condition of extant tetrapods. Blocking of Tbx5 in the zebrafish
leads to a failure of pectoral fin initiation (Ng et al., 2002),
suggesting a role in initiation of budding, although it is
unknown if Tbx5 plays a role in the specification of the identity
of the zebrafish pectoral fin. Considering results in zebrafish
and amniotes, the function of Tbx5 in the initiation and
maintenance of outgrowth of pectoral paired appendages
appears to have been derived from the common ancestor of
all osteichthyans (Ahn et al., 2002; Minguillon et al., 2005; Ng
et al., 2002), and Tbx4 is known to function in outgrowth (but
not initiation) of the mouse hindlimb (Naiche and Papaioannou,
2003). Unfortunately, however, nothing is known about these
genes’ functions in amphibian limbs. Furthermore, their
functions for limb-type specification have been well-supported
in chick but refuted in mouse (Minguillon et al., 2005). These
data suggest an evolutionary lability in the roles of Tbx4 and
Tbx5 in limb identity specification (Fig. 3). Much more research
is needed to understand differences in their functions
among tetrapods, and to reconstruct the directionality of
evolutionary transitions in the functions of these genes and in
the mechanisms specifying limb identity. Investigation of the
functions of Tbx4, Tbx5, and Pitx1 in limb outgrowth and
identity specification in amphibians would go a long way to
helping us understand the history of changes to the mechanisms
of limb patterning in the evolution of tetrapod limb diversity.
Proximal–distal axis
In amniote limbs, at the boundary between dorsal and ventral
ectoderm, a raised ridge of morphologically distinct ectodermal
cells forms, extending from the anterior to posterior edge of the
distal tip of the limb bud. This ridge is known as the apical
ectodermal ridge (AER), which, although set up by differences
in expression regimes along the dorsal–ventral axis (see
Dorsal–ventral axis below), also plays a large role in growth
and differentiation along the proximal–distal and anterior–
posterior axes (Laufer et al., 1994; Saunders, 1948). Many FGFs
Fig. 3. Variation in mechanisms of limb identity specification. Abbreviations and key as in Fig. 2.
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mouse to be essential for limb development, and some to play
overlapping roles in the outgrowth of the limb (Sun et al., 2000).
The only investigated amniotes we know of that lack an AER,
such as snakes, have severely truncated or no limbs (Cohn and
Tickle, 1999). Apical ectoderm removal causes truncation of
limb outgrowth in amniotes (Niswander et al., 1993).
An AER has been found in many anuran species but
generally appears later in limb development and is less
pronounced than that in amniotes (Sturdee and Connock,
1975). At least one anuran, the direct developing E. coqui,
has no AER (Richardson et al., 1998). In contrast to amniotes,
when the apical epidermis of an anuran is removed, the
epidermis regenerates and outgrowth continues, though distal
deformities can result (Richardson et al., 1998; Tschumi, 1957).
These distal deformities become more likely and more severe
the later the stage of distal ectoderm excision in anurans, which
is the opposite of the situation in amniotes (Richardson et al.,
1998). However, when the limb mesenchyme is transplanted
beneath flank muscle or belly epidermis, preventing the
regeneration of limb epidermis, truncations result following
the same trend as those in amniotes; the earlier the operations
are performed, the more proximally limb outgrowth is truncated
(Tschumi, 1957). These data suggest that the differences in
response to AER excision between amniotes and anurans may
be due to the ability of the AER of anurans to regenerate.
All investigated urodeles completely lack an AER (Sturdee
and Connock, 1975). An apical ectodermal cap (AEC), a
thickened layer of epidermal cells broadly covering the entire
distal tip of the limb (across the entire dorsal–ventral surface,
rather than in a ridge at the dorsal–ventral border), forms in
regenerating urodele limbs (Christensen and Tassava, 2000).
This is often thought to serve a homologous function to that of
the AER and shares some morphological properties with the
AER. We, however, know of no reports of a morphologicallydistinct distal epithelium in the limb of any salamander during
normal development, and detailed morphological analyses of
developing forelimbs in multiple species of urodeles found the
apical epidermal cells to be unspecialized, having no organi-
zational or morphological properties distinct from those of the
proximal epidermis (Sturdee and Connock, 1975; Tank et al.,
1977). Additionally, removal of the entire forelimb epidermis
and surrounding epidermis does not cause truncation of limb
development in urodeles—epidermis is regenerated and deve-
lopment continues normally, though slightly delayed. Normal
development also occurs when limb epidermis is removed, and
the underlying limb mesoderm is transplanted beneath flank
epidermis (Lauthier, 1985). These data suggest that urodeles
have no morphologically specialized apical ectoderm homo-
logous to the AER (Fig. 4), though it is unclear to what extent
they may still retain signaling from the apical ectoderm that is
conserved from ancestral tetrapods, despite the loss of the
morphologically distinct apical ectodermal signaling center.
Determination of the extent to which the differences in
responses to AER or apical ectoderm excision represent
evolutionary changes in apical ectodermal function or diffe-
rences in regenerative ability will depend greatly on progress in
understanding and experimentally isolating the mechanisms of
regeneration in amphibians.
Phylogenetic analyses suggest that three hedgehog ortholo-
gues existed in the ancestral osteichthyan (Zardoya et al.,
1996b). These three still exist in mouse and are called Indian
hedgehog (ihh), Desert hedgehog (dhh), and Sonic hedgehog
(shh). In mouse and chick, Indian hedgehog (ihh) is expressed
in cartilaginous precursors of long bones, and in the limbs of
these amniotes does not appear to be expressed prior to
cartilage development (Vortkamp et al., 1996; Yang et al.,
1998). In amphibians, the orthologue of amniote ihh is called
Banded hedgehog (bhh) (Zardoya et al., 1996a). We know of
no investigation of the expression of this gene in anuran limbs,
Fig. 4. Variation in mechanisms of proximal–distal axis development. Abbreviations and key as in Fig. 2. Drawings represent limbs just prior to digit-forming stages,
with black areas indicating expression. Gray areas of Hoxd-11 indicate faint expression relative to black areas.
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the initiation of limb development (Ekker et al., 1995). In
comparison to amniotes, in the urodele N. viridescens, this
gene exhibits a very different expression profile. From very
early stages, bhh is expressed broadly in the developing N.
viridescens forelimb. It is not, however, found at later stages in
developing chondrogenic condensations in N. viridescens
(Stark et al., 1998). This early ubiquitous bhh expression
occurs at, or just prior to, the comparable stage in the urodeles
A. mexicanum and Cynops pyrrhogaster that marks the
beginning of expression of shh (Stark et al., 1998; Torok et
al., 1999). This is striking as all of the vertebrate hedgehogs are
thought to encode diffusible proteins that signal through the
same pathway. Their concomitant expression, therefore, could
produce far more complicated gradients across the limb bud.
There is, however, evidence that different hedgehogs may have
different potencies in this pathway (Pathi et al., 2001), which
may limit the extent to which they could interfere with each
others’ patterning roles. Since nothing is known of the
expression of ihh/bhh in anuran limbs, it is difficult to map
transitions in ihh/bhh expression to understand whether the
amniote-type expression represents the ancestral condition.
Echidna hedgehog (ehh) is the zebrafish orthologue of
tetrapod ihh and bhh (Zardoya et al., 1996a). Zebrafish does
not express ehh in early fin buds (Neumann et al., 1999).
These outgroup data from zebrafish, along with the amniote
data, suggest that absence of early ihh/bhh expression in the
limb is more likely the ancestral tetrapod condition. In
addition to being expressed, ihh is also known to be functional
in bone differentiation in amniotes as it has been shown to
play a role in bone differentiation in mammals (Chung et al.,
2001; St-Jacques et al., 1999) and induces chondrocyte
proliferation in chick (Shimo et al., 2004). We know of no
report, however, of a role for any hedgehog paralogue in the
differentiation of bone in any osteichthyan outside of amniotes
(i.e. amphibians, coelacanth, lungfishes, and actinopterygians),
despite multiple experiments on hedgehog orthologues in
actinopterygians and amphibians, suggesting that this func-
tional role of ihh in bone development may be a novelty in
amniotes (Fig. 4). Further investigation of the expression and
function of ihh/bhh/ehh in non-amniote osteichthyans will
help us understand whether it is truly uniquely co-opted into a
function in bone development in amniotes.Fgfs, in addition to identified differences in limb initiation
(see Limb positioning and initiation above), exhibit differing
expression patterns during limb outgrowth in different tetra-
pods. In mouse, Fgf-8 is expressed in the early limb bud in the
ventral ectoderm then becomes confined to the AER as it forms
and is expressed along the entire length of the AER (Crossley
and Martin, 1995; Mahmood et al., 1995). In chick, Fgf-
8 expression is somewhat expanded dorsal–ventrally (in
contrast to its later restriction to the AER) in the ectoderm at
the earliest stages of limb outgrowth then quickly becomes
restricted to the AER (Crossley et al., 1996; Edom-Vovard et
al., 2001; Mahmood et al., 1995; Vogel et al., 1996). It is
unclear from these reports whether this early expression in
chick differs from the ventrally restricted expression at early
stages in mouse. Similarly, in anurans, Fgf-8 is restricted to
ectoderm and expressed along the dorsal–ventral boundary
(Christen and Slack, 1997). At later stages prior to digit
differentiation, however, anuran Fgf-8 is markedly restricted to
the anterior of the AER (Christen and Slack, 1997). This
anterior restriction of Fgf-8 found in anurans does not appear
to exist in amniotes (Crossley and Martin, 1995; Crossley et
al., 1996; Edom-Vovard et al., 2001; Vogel et al., 1996). Fgf-
8 expression in urodele limb outgrowth differs from that in
amniotes and anurans. Urodele Fgf-8, from very early stages,
is expressed in the ectoderm but during outgrowth is primarily
expressed in the distal mesenchyme (Han et al., 2001).
Although Fgf-8 is known to be expressed in chick limb
mesenchyme, this chick mesenchymal expression is distinctly
associated with developing tendons and spatially very distinct
from the distal expression in urodeles and from the distal
ectodermal expression in chick (Edom-Vovard et al., 2001). In
addition to being expressed mainly in the mesenchyme,
urodele Fgf-8 is expressed diffusely dorsal–ventrally and
slightly polarized to the anterior (Han et al., 2001). It thus lacks
the restriction to the dorsal–ventral boundary exhibited in
amniotes and anurans, and its expression in distal mesenchyme
is also unique among investigated tetrapods (Fig. 4). Further
investigations into FGF-8 function and the expressions of other
FGFs and AER genes will help us to understand whether the
urodeles have any conserved molecular remnants of an AER,
even though they do not retain a morphological AER, and if
the anterior restriction of anuran Fgf-8 in relation to amniote
Fgf-8 has any functional significance.
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paralogue groups 9 to 13 and, where present, group 14) are
transcription factors that appear to play overlapping roles in the
patterning of limb outgrowth (Favier et al., 1996; Fromental-
Ramain et al., 1996a,b). Many of these genes exhibit conserved
expression throughout most of development in investigated
tetrapods, though comparison among studies is problematic
due to incomplete reports in some species on the many Abd-B
Hox orthologues and the difficulty of comparing expression
data among experiments with different methods. Because of
this and the lack of functional data for Hox genes in
amphibians, we do not discuss the majority of the Hox
orthologues here. There are, however, apparent significant
examples of non-conservation of Hox gene expression that
deserve mention (see here and in Digits below). Hoxd-11 is
expressed in chick and mouse limbs. In both species, it is
expressed in a posterior domain in early development and later
is expressed in two anterior–posterior stripes of expression,
one proximal and one distal, which extend into the anterior of
the limb bud (Davis and Capecchi, 1994; Nelson et al., 1996).
We know of no report of this gene’s expression in anuran
limbs. In urodeles, Hoxd-11 exhibits a different expression
profile. It has a similar division into autopodial and zeugopo-
dial domains at late stages, but the autopodial domain is much
weaker than its posterior zeugopodial domain, and this
autopodial domain is restricted to the posterior of the bud
(Torok et al., 1998). Both its intensity and posterior restriction
differ from amniote-type expression (Fig. 4). The functional
significance of this difference between urodeles and amniotes
is difficult to know as Hoxd-11 knockout mice do not have
drastic abnormalities (Davis and Capecchi, 1994), and these
Abd-B-related Hox genes appear to have a great deal of
functional overlap (Favier et al., 1996; Fromental-Ramain et
al., 1996a,b), so it is possible that changes in the expression of
one could be balanced by compensatory changes in another. It
is notable, however, that the expression of all of the autopodial
Hoxd genes has been shown to be controlled by a single global
enhancer in mice (Spitz et al., 2003). This autopodial enhancer
region is very conserved between mouse and human. If this
conservation does not extend to all tetrapods, it obviously
represents evolutionary changes in this mechanism within
tetrapods. If, however, this enhancer region is indeed
conserved among all tetrapods, it suggests that, in addition
to Hoxd-11, the other autopodial Abd-B-related Hoxd genes
(Hoxd-10, Hoxd-12, and Hoxd-13) in urodeles might be
expressed in a very different pattern from that in amniotes. It
is possible that this is related to the unique pattern of digit
formation in urodeles (see Digits below), and investigation of
the expression of these other Hoxd genes in the urodele
autopod and the conservation of the Hoxd global enhancer in
non-mouse tetrapods will help clarify this.
Dorsal–ventral axis
Evidence for variable developmental mechanisms also
exists for the dorsal–ventral patterning of tetrapod limbs. In
amniotes, much is known about the mechanism for theestablishment of the dorsal–ventral axis. Two expression
boundaries form at the junction between the dorsal and ventral
ectoderm in mice. Wnt-7a, which encodes a secreted signaling
factor, is expressed in the dorsal ectoderm of mouse, with its
ventral extent at the dorsal edge of the AER (Kimmel et al.,
2000; Parr et al., 1993). Wnt-7a is also expressed in the dorsal
ectoderm in chick starting at very early stages of limb
development (Dealy et al., 1993; Rodriguez-Esteban et al.,
1997). Engrailed-1 (En-1), a transcription factor, is expressed
in the ventral ectoderm of mouse with its dorsal extent at the
dorsal–ventral border of the AER (Kimmel et al., 2000). Its
ectopic expression in dorsal AER in mouse represses the
formation of AERs and local expression of Wnt-7a (Kimmel et
al., 2000), whereas mouse En-1 loss of function mutants often
develop an extra AER in the ventral half of the limb where an
ectopic zone of dorsal fate is induced (Loomis et al., 1996,
1998). In mouse, Wnt-7a’s expression appears not to be
important for specifying AER position, but to induce dorsal
mesoderm to form dorsal limb structures (Kimmel et al., 2000;
Parr and McMahon, 1995). This dorsal fate induction appears
to be mediated by Lmx-1b in mouse (Loomis et al., 1998) and
Lmx-1 in chick (Riddle et al., 1995; Vogel et al., 1995) which
are expressed in the dorsal mesenchyme. Ectopic Lmx-1 and
Wnt-7a can both induce dorsal fate in the ventral mesoderm,
and absence of Wnt-7a leads to the ventralization of dorsal
mesoderm (Logan et al., 1997; Parr and McMahon, 1995;
Riddle et al., 1995; Vogel et al., 1995).
In anurans, En-1 is expressed in a similar pattern to that in
amniotes (Christen and Slack, 1998). Wnt-7a, however, is
expressed ubiquitously along the dorsal–ventral axis (Christen
and Slack, 1998). As stated above, this pattern of expression in
chick or mouse causes dorsalization of the ventral limb (Riddle
et al., 1995; Vogel et al., 1995). The authors of this anuran
study suggest that this means that the amniote-type mechanism
of dorsal–ventral fate specification was derived after the
amniote lineage split from that of the amphibians. It is equally
parsimonious, however, that the amniote-type mechanism is
ancestral to all extant tetrapods (or even all extant limbed
vertebrates) and was lost either in the amphibian lineage or in
the anuran lineage (or even in a more recent ancestor of their
model X. laevis). We know of no reports on the orthologues of
any of these genes in urodeles. Elucidating the urodele
mechanism may shed light on the evolutionary history of
transitions in this mechanism (Fig. 5).
Differences also appear to exist within amniotes in the
mechanism of dorsal–ventral patterning. Radical fringe (R-
fng) is expressed in the dorsal ectoderm prior to AER
formation in chick (Laufer et al., 1997; Rodriguez-Esteban
et al., 1997) and appears to be expressed similarly in mouse
(Moran et al., 1999). The AER forms at this boundary of R-
fng-expressing and non-expressing cells (Laufer et al., 1997;
Rodriguez-Esteban et al., 1997). Ventral ectopic expression of
R-fng in chick limbs results in limb deformities with
disruption of AER formation, AER malformation, and ectopic
AERs, showing that it functions in the induction of the AER
(Laufer et al., 1997; Rodriguez-Esteban et al., 1997). In
mouse, despite expression patterns conserved with respect to
Fig. 5. Variation in mechanisms of dorsal–ventral axis development. Abbreviations and key as in Fig. 2. Circles represent cross-sections of early limb buds, with
black areas indicating expression. Extension of En-1 expression into tetrapod stem based on outgroup data from zebrafish (Ekker et al., 1992; Neumann et al., 1999).
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fng knockouts develop normal limbs (Moran et al., 1999;
Zhang and Gridley, 1999). These data suggest either an
evolutionary change in R-fng function, or a conserved amniote
R-fng sufficiency for AER induction, but lack of necessity for
AER induction. R-fng has been shown to be expressed
diffusely across the dorsal–ventral axis, and not restricted to
the ectoderm, of the limb bud in both anurans (Christen and
Slack, 1998) and urodeles (Cadinouche et al., 1999). We know
of no reports on its function in any amphibian, though it is
difficult to imagine a role for R-fng in differential dorsal–
ventral patterning in anurans considering its diffuse expres-
sion, and it obviously does not set up an AER in urodeles,
which lack an AER (Fig. 5). Further investigation of R-fng in
amniotes, particularly whether chick can form a normal AER
in the absence of R-fng function and whether mouse R-fng
ventral misexpression can induce ectopic AERs, stands to
clarify whether this gene’s role has changed in the lineage
leading to chick.
Anterior–posterior axis
Anterior–posterior pattern is dependent upon a signaling
center at the posterior of the limb, the zone of polarizing
activity (ZPA), which exists throughout most of limb
outgrowth in chick (MacCabe et al., 1973; Saunders and
Gasseling, 1968). The ZPA was operationally defined in chick
as the region of cells with the potential to act in posterior-
ization of limb tissues. Long after the discovery of the ZPA, it
was found that shh expressing cells have polarizing activity,
and shh expression in the chick wing maps specifically to the
ZPA (Riddle et al., 1993). Shh is thought to act through both
long and short range signaling (Drossopoulou et al., 2000).
Excision of all shh expressing cells in the chick wing leads to
loss of nearly all differentiation along the anterior–posterior
axis (Pagan et al., 1996). A similar lack of most anterior–
posterior differentiation is also found in shh knockouts in
mouse and chick mutants that lack shh function in the limbs
(Chiang et al., 2001; Ros et al., 2003). Transcripts of shh are
detected in the posterior limb mesenchyme throughout much of
limb outgrowth at the distal extent of the posterior margin of the
limb in investigated amniotes (Chang et al., 1994; Riddle et al.,
1993; Shapiro et al., 2003). Investigated anurans exhibit verysimilar domains of shh expression (Endo et al., 1997; Hanken et
al., 2001). In the developing forelimbs of urodeles, however, the
domain of shh expression is more proximal than in anurans and
amniotes as digits begin to develop, with its distal extent at the
prospective proximal border of the developing autopod
(Imokawa and Yoshizato, 1997; Torok et al., 1999). The
functional and evolutionary significance of this difference is
unknown (see Digits below).
The ZPA is often said to correspond precisely to those limb
cells that express shh. In the anuran X. laevis, however, it has
been shown that posterior limb tissues outside of the shh-
expressing domain are competent to induce posterior identity
and express shh, after translocation to the anterior by distal
limb rotation (Endo et al., 1997). Thus, at this stage, they
would have been operationally defined as ZPA cells but would
not have been molecularly defined as ZPA cells as they did not
express shh prior to spatial manipulation. It is unknown if this
disconnect between operational and molecular definitions of
the ZPA might apply to other tetrapods as it has not been
demonstrated in amniotes, but we know of no positive evidence
that it does not exist in amniotes. It is also possible that this is
in some way related to regenerative potential in anurans, which
is far more limited in amniotes.
Digits
Tetrapods exhibit obvious variation in the number of digits
in their limbs. There is some contention as to whether the
ancestor of all extant tetrapods had stabilized to pentadactyly in
forelimbs (Coates, 1991, 1996; Laurin, 1998). It is accepted,
however, that the amniote forelimb stabilized to five digits
prior to the divergence of the reptilian and mammalian lineages
(Coates, 1996; Laurin, 1998). Both the fossil record and
parsimony-based analyses of extant amphibians support that
amphibians had four digits on their forelimbs prior to the
divergence of anurans and urodeles (Fig. 7; Laurin, 1998).
Naturally, this difference between five and four digits in the
amphibian and amniote lineages has some molecular basis,
although little is known about the mechanistic differences
underlying this variation.
There is also variation in the order of digit morphogenesis
within tetrapods. In amniote limbs, the embryological patterns
of chondrogenic and osteogenic development have been well
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investigated amniotes generally exhibit spatially and tempo-
rally conserved patterns of development. Digit IV is the first
digit to develop—with the possible exception of birds and
three-toed skinks (Vargas and Fallon, 2005; Wagner and
Gauthier, 1999; Wagner, in press)—beginning with a cartilage
condensation of the metacarpal distal to the posterior mesopo-
dial elements. A single digit then differentiates posterior to
digit IV, while anterior to this, digit differentiation proceeds in
a posterior to anterior sequence (Shubin and Alberch, 1986). In
anurans, the pattern of connections of cartilage condensations
and order of digit development are quite similar to that in
amniotes (Shubin and Alberch, 1986). Urodeles, however,
exhibit a very different pattern of autopodial chondrogenesis
and digit differentiation. In urodeles, the basal commune (the
single mesopodial element that lies immediately proximal to
the metacarpals of digits I and II), and metacarpals I and II
appear to chondrify independent of a connection to proximal
elements. Although this independent condensation was the
reported case for urodele species investigated by Shubin and
Alberch (1986), this basal commune condensation has been
reported to be continuous with that of the posterior zeugopodial
element in Hynobiids and Bolittoglossines (Hinchliffe and
Vorobyeva, 1999; Schmalhausen, 1910). The order of digit
development then proceeds from anterior to posterior, which is
the general urodele anterior–posterior direction of chondrifica-
tion of zeugopodial and mesopodial elements as well (Shubin
and Wake, 2003). This early distal condensation and anterior-
to-posterior direction of differentiation differ drastically from
other investigated tetrapods (Fig. 7).
Because the urodele anterior digits develop first, before the
anterior–posterior expansion associated with development of
the posterior digits, they develop in close proximity to the ZPA
(Torok et al., 1999). Shh is thought to act by setting up a
gradient of its diffusible product, with pattern being specified
by regions receiving differential levels of its signal based on
proximity to the ZPA (Dahn and Fallon, 2000; Drossopoulou et
al., 2000; Wolpert, 1969). If the change in order of digit
development in urodeles is due simply to heterochronic
changes among digits, this transition may have required a
concomitant relocation of the domain of shh expression to its
more proximal position to keep the anterior digits from
receiving levels of Shh that are normal for specifying posterior
digits. If the change in order of digit development is due to an
evolutionary loss of anterior digits and invention of novel digits
posterior to those, as suggested by Wagner et al. (1999), then
the digit specification model developed from amniote experi-
ments may not apply to urodeles. Further early urodele fossil
evidence, more reliable urodele phylogenies, and a better
understanding of the mechanisms of digit development and
identity specification in urodeles can all contribute to a
clarification of the history of this evolutionary change in digit
development.
Cell death is thought to play an important role in the
morphogenesis of many tissues, including limbs. There appears
to be variation in the contribution of cell death to the adult
pattern of limbs in tetrapods. Massive interdigital cell deathsculpts the digits from the hand plate in birds (Saunders and
Gasseling, 1962), non-avian reptiles (Goel and Mathur, 1978),
and mammals (Ballard and Holt, 1968; Kelley, 1970). In the
mouse, it was shown that there is cooperation between cell
death in the interdigits and proliferation in the digits to pattern
the autopod, with Fgf-8 corresponding to the tips of
proliferating digits after the onset of interdigital apoptosis
(Salas-Vidal et al., 2001). In both anurans and urodeles,
however, there are no zones of differential cell death during
digit formation, and the digits appear to be patterned by
differential proliferation of interdigital and digital cells rather
than by massive cell death as in the amniotes (Cameron and
Fallon, 1977). This phylogenetic pattern of contribution of
apoptosis to digit differentiation makes it unclear whether
apoptosis contributed to the patterning of the ancestral tetrapod
autopod, with this morphogenetic pattern being later lost in
amphibians or if this mode of patterning is derived in amniotes.
Unfortunately, the autopod is an innovation extantly restricted
to tetrapods (Wagner and Chiu, 2001). For this and potentially
other properties of autopodial development that are found to
exhibit this phylogenetic pattern of difference between
amniotes and amphibians, it may not be possible to know the
ancestral tetrapod pattern (Fig. 7).
In addition to their role in limb outgrowth (see Proximal–
distal axis above), Abd-B-related Hox genes may also play a
role in digit development in some tetrapods. In mouse, Hoxa-
13 is expressed throughout the autopod as digits are
differentiating (Vargas and Fallon, 2004; Zakany et al., 2004)
and later becomes restricted to the distal interdigital tissue and
peridigital tissues (Knosp et al., 2004). We know of no report
of Hoxa-11 expression in distal limbs of amniotes in
comparably late stages of digit development. In X. laevis,
there is a domain of expression Hoxa-13 at the distal tip of
each of the developing digits as they are differentiating and
extending, this is restricted to the digit tips, and not expressed
broadly throughout the autopod (Lombardo and Slack, 2001)
In the urodele N. viridescens, there is a phase of autopodial
Hoxa-11 expression in the tips of digits III and IV, but none
was identified in developing digits I or II of the forelimb
(Wagner et al., 1999). Unfortunately, comparison and recon-
struction of the importance of these Abd-B-related Hox genes
in digit development are very difficult because of their
overlapping functions, the lack of reports on many of these
genes at such late stages of limb development, and the lack of
reports on these genes in enough relevant taxa.
Hedgehog genes may also be variable in their contribution
to digit morphogenesis in different tetrapod clades. In A.
mexicanum, a probe for shh found weak expression in the
metacarpals of digits I and II (Torok et al., 1999). Because of
the known role for ihh in bone development and the lack of
reported shh in the digits of other tetrapods, the authors suggest
that this may be a cross-reactivity with ihh transcripts. If their
probe exhibited cross-reactivity with ihh/bhh, however, it is
surprising that they did not find this cross-reactivity at earlier
stages in conjunction with the earlier development of more
proximal skeletal elements or an early ubiquitous expression
similar to that found in N. viridescens (Stark et al., 1998). It is
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the digits of amphibians may be related to their greater
dependence on digit outgrowth, as opposed to apoptotic
sculpting, relative to amniotes. Recently, there has been much
attention focused on the fine-scale molecular aspects of digit
identity specification and evolution (Dahn and Fallon, 2000;
Drossopoulou et al., 2000; Litingtung et al., 2002; Vargas and
Fallon, 2004), and a continuation of this trend will lend a great
deal of clarification to the homology and evolutionary history
of changes in digit number and morphology among tetrapod
species.
Discussion
By applying accepted methods of evolutionary state
reconstruction to tetrapod limb development, much can be
learned about limb development and evolution that would
otherwise remain unclear. By reconstructing ancestral states, it
is possible to gain a much better understanding of the
mechanistic changes underlying evolutionary changes in
morphology. For example, by reconstructing the mechanisms
shared by the ancestor of all living sarcopterygians (node B
Fig. 1) and how that development differs mechanistically from
the ancestor of living tetrapod (node C Fig. 1), we can identify
potential mechanistic changes in development that were
coincident with the origin of the tetrapod limb. Pinpointing
these differences, which evolved over a period of 90 million
years (MY; probably much less than 90 MY as 90 MY is based
on molecular clock estimates of the time between nodes A and
C; Kumar and Hedges, 1998), will go a long way toward
elucidating this evolutionary transition. Due primarily to a lack
of data, this approach contrasts with most existing attempts to
reconstruct the mechanistic changes along this transition,
which is often done by comparing a single, highly derived,
extant actinopterygian (e.g. zebrafish) and a single amniote,
with no attempt to reconstruct the ancestral osteichthyan (node
A, Fig. 1) or tetrapod (node C Fig. 1). A comparison between a
single actinopterygian and a single amniote leaves 900 MY of
cumulative divergent evolution of developmental mechanisms
between data points (Kumar and Hedges, 1998), in which the
vast majority of changes will have had nothing to do with the
transition from a fin to a tetrapod limb-type morphology. This
same principal holds for understanding any transition in limb
morphology.
For historical and methodological reasons, the mouse has
become the main model for transgenic approaches to
investigating tetrapod limb development, and the chick has
become the main model for surgical approaches to experi-
mentation in tetrapod limb development. Data that concur
between these transgenic and surgical experiments are usually
combined to model the intricate interactions of developmental
mechanisms in the patterning of tetrapod limbs. The limbs of
these two organisms, however, have very different morphol-
ogies, and although this is exaggerated only in the forelimb
(with the chick having a reduction to three digits followed by
other morphological novelties associated with a long history
of selection for flight), the hindlimbs also differ in morphol-ogy. These morphological differences obviously must be
reflected in differing developmental mechanisms patterning
these phenotypes. The split between the mammalian and
reptilian lineages occurred about 220–300 MY (Node D, Fig.
1; Kumar and Hedges, 1998), leaving at least 440 MY of
cumulative adaptive evolution and phenogenetic drift to
contribute to the divergence of mechanisms of limb develop-
ment between chick and mouse. In order to effectively
compare data from these model organisms, it must be
appreciated that there could be significant differences in
developmental mechanisms and that we need to illuminate
these differences to understand the extent of the utility, and
the limits, of combining data from these model species into a
single theoretical model of limb development.
Potential examples of evolutionary differences in develop-
mental mechanisms between chick and mouse are highlighted
by this review and include the function of Tbx3 in limb
positioning (Fig. 2), the function of R-fng in setting up the
AER (Fig. 5), and the functions of Tbx4 and Tbx5 (Fig. 3).
Little is known about the positioning of limb buds along the
body axis, but recent data implicate Tbx3 in the process in
chick (Minguillon et al., 2005). In mouse, however, limbs are
positioned normally in the absence of Tbx3 (Davenport et al.,
2003). It is possible that the difference represents a sufficiency,
but not necessity, of Tbx3 to induce limb position, however,
evolutionary changes in this mechanism cannot be ruled out
without further comparative investigations between these and
other species. Since experiments on R-fng in mouse did not
support the functional role in AER development that was
suggested by manipulations in chick (Laufer et al., 1997;
Moran et al., 1999; Rodriguez-Esteban et al., 1997; Zhang and
Gridley, 1999), little attention has been paid to R-fng in
investigations and models of limb development, as though the
mouse results were taken to have proven the unimportance of
R-fng for limb patterning. Even if this is the case for mouse, it
need not be the case for chick as data from both models will
become less and less similar as we learn about them in more
detail, and these dissimilarities may be related to specific
morphological differences between mouse and chick. The
importance of Tbx4 and Tbx5 in limb identity, supported by
manipulations in chick (Rodriguez-Esteban et al., 1999;
Takeuchi et al., 1999), were also apparently brought into
question recently by results in transgenic mice, from which it
was suggested that Tbx4 and Tbx5 play no role in limb identity
specification (Minguillon et al., 2005). Although the authors
do not address the possibility in their discussion, it is
reasonable to suspect that this apparent discrepancy between
results in chick and mouse is highlighting an evolutionary
divergence in limb patterning mechanisms between mouse and
chick. We take this as one example, among many, of the
potentially obscuring assumption of universality of limb
development mechanisms and suggest that this and other
instances of seemingly contradictory results between mouse
and chick should not be presumed as discrepant or in
disagreement, but complementary and potentially very reveal-
ing. As we begin to refine the level at which we understand
limb development in different taxa, certainly many differences
Fig. 6. Variation in mechanisms of anterior–posterior axis development.
Abbreviations and key as in Fig. 2. Drawings represent limbs just prior to digit-
forming stages, with black areas indicating expression.
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esis if we can understand how these differences relate to
specific divergent morphologies. Certainly, the bird lineage has
had a long history of very different selection pressures on its
forelimb and hindlimb as the functions of these limbs appear to
be very divergent relative to mouse. It is possible that Tbx4
and Tbx5 functions in the most recent common ancestor of
amniotes were something other than limb identity specifica-
tion, and these genes, with their ancestral exclusive limb
expressions (Fig. 3), were co-opted into identity mechanisms
to facilitate the divergent morphological evolution of the chick
forelimb and hindlimb. It is alternatively possible that this role
of Tbx4 and Tbx5 in divergent limb identity existed in the
most recent common ancestor of amniotes and was lost in the
mammalian lineage under the relatively similar functional
selection on forelimbs and hindlimbs. Examining these data in
an explicitly phylogenetic context allows a clearer interpreta-
tion of their potential significance. Similarly, these methods
can be of clinical importance for understanding how data from
limb development in non-human animals may be applicable to
human development.
In addition to these apparent differences between chick and
mouse, other patterns of variation are obvious. One is that of
mechanisms unique to the urodele lineage. This is exemplified
by the presence of Tbx5 expression in hindlimbs, presence of
Tbx4 expression in forelimbs (Fig. 3), absence of an AER, Fgf-
8 expression in distal mesenchyme (Fig. 4), possibly the Hoxd-
11 expression pattern in the autopod (depending on the true
pattern in anurans; Fig. 4), shh expression domains (Fig. 6),
and the order of digit differentiation (Fig. 7). Another pattern is
that of novel lack of expression of Fgf-8 in presumptive limbFig. 7. Variation in mechanisms of digit develofields in anurans (Fig. 2). This is known only from the direct
developing frog E. coqui, however, and it is unclear whether
this difference represents the ancestral anuran condition or may
just be a specialization of E. coqui related to its very early limb
initiation for direct development.
Yet another pattern of evolutionary variation that emerges
from this review is that of difference between the amphibians
and amniotes. Examples include the known contribution of ihh/
bhh to bone differentiation (Fig. 4), possibly the Hoxd-11
expression pattern in the autopod (depending on the true
pattern in anurans; Fig. 4), possibly the dorsal–ventral pattern
of Wnt-7a expression (depending on the true pattern in
anurans; Fig. 5), the number of digits on the forelimb, and
the presence of zones of increased cell death associated with
the interdigits (Fig. 7). For some of these data, it will be
possible to determine the ancestral tetrapod pattern, such as in
the case of a contribution of ihh to bone development. In this
case, we can suggest that the ancestral state is an absence of ihh
contribution to bone development (Fig. 4) based on outgroup
data from actinopterygians. Though this is a somewhat
tentative reconstruction based to some extent on absence of
functional evidence, the expression patterns of ihh orthologues
in actinopterygians and amphibians (Neumann et al., 1999;
Stark et al., 1998) do not suggest a likely role for this gene in
bone development in non-amniote chondrichtyans (see Prox-
imal–distal axis above). Unfortunately, for mechanistic novel-
ties that arose along the stem of tetrapods, the novel tetrapod
state can only be revealed by reconstructing mechanisms from
extant tetrapods, and outgroups can make no contribution. If
the ancestral state in a novel mechanism of this type is
reconstructed as ambiguous, it may be impossible for us to
reconstruct the ancestral tetrapod state. This will undoubtedly
be the case for some aspects of digit development that show
this pattern of difference between amniotes and amphibians.
For characters in adult morphology with this phylogenetic
pattern, it is possible for us to find some contribution from the
fossil record, as is the case with forelimb digit number (Coates,
1996; Laurin, 1998). For tissue level data, such as the
contribution of apoptosis to the regression of interdigits,
fortuitous fossil finds hold the potential to give hints to
ancestral mechanisms (that is, an ontogenetic stage of a fossil,
or series of fossils, may retain soft tissue data that give clues as
to whether digits are differentiated more by a pattern of
budding from more proximal elements or being sculpted from a
hand plate). For genetic data that show this pattern ofpment. Abbreviations and key as in Fig. 2.
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development, however, it will likely remain impossible for us
to ever reconstruct the ancestral tetrapod mechanisms with
confidence.
Considering the deep history and background of investiga-
tion, ease of manipulation and modeling, and the significant
morphological change in its origin and radiation, study of the
tetrapod limb clearly stands to continue to reveal much about
developmental mechanisms and their evolution. Significant
variation exists in mechanisms of limb development among
tetrapods, and it is to the advantage of researches working on
limb development in any model or non-model species to
understand this variability in a phylogenetic context.
Speculative coda
In looking back on the evidence summarized in this
review, we want to reflect on the two views about the
evolution of development. One maintains that the develop-
ment of ‘‘the tetrapod limb’’ is uniform—a view that tends to
be held by developmental biologists and is considered by
most evolutionary biologists as ‘‘typological’’. The majority
view among evolutionary biologists, however, is that nothing
remains untouched by natural selection—there can thus be no
invariant features of limb development, and even the concept
of a ‘‘tetrapod limb’’ is a holdover from a pre-Darwinian
mode of thinking (Ghiselin, 1997). Given the facts summa-
rized here, it is not plausible that limb development is
invariable, but it might also be an oversimplification to
assume that all aspects of development are subject to
evolutionary modification. Here, we want to discuss a third
position, namely that the development of morphological
characters may contain two types of mechanisms: (1) core
mechanisms which are essentially linked to character identity,
like the tetrapod limb, and (2) ancillary mechanisms, which,
though essential for each particular species, can change in
evolution without affecting character identity.
While it is clear that developmental mechanisms are not
uniform among all tetrapods (see above), the present
evidence does not tell us the extent of this variability. Are
all aspects of limb development variable at some taxonomic
level? There could be, for instance, certain mechanisms
uniform among all living tetrapods just by chance (i.e.
because they have not yet been modified by selection or drift
in any tetrapod lineage). There is, however, also the (more
radical) possibility that some mechanisms are conserved
among all tetrapod limbs (or perhaps amniote limbs) because
they are absolutely essential for limb development. This is at
odds with the neo-Darwinian dogma, which maintains that
the assumption of essential characteristics is untenable
because it is conceptually incompatible with evolutionary
theory. But, for some morphological characters, it has been
possible to pinpoint essential developmental differences
among character types. The best example is the fact that
feathers are distinguishable from all other epidermal appen-
dages because of a set of hierarchically interdependent
developmental processes (Prum, 1999).The possibility of essential, and therefore invariable,
developmental differences raises difficult questions regarding
the relative roles of development and natural selection in the
evolution of morphological characters (Amundson, 2005).
How can natural selection produce a result that is not itself
subject to further mutation and selection? Of course we
subscribe to the idea that everything, including limb develop-
ment, is the result of mutation and natural selection. But, to the
extent that natural selection can produce networks of interde-
pendent developmental processes, it may fall into a ‘‘trap’’
(Wagner, 1989). This epigenetic trap is a network of interacting
developmental processes necessary for the development of a
morphological character, which natural selection can either
maintain or destroy, but not modify. In the case of the
maintenance of the network of interacting processes, the
evolution of the character proceeds along adaptive lines, but
within the confines set by the network. In the case of the
destruction of the network, the morphological character is also
lost. The end effect is that, whenever the character is
maintained in evolution, the core developmental network is
as well. This idea of essential developmental mechanisms does
not imply that all developmental processes are invariant—on
the contrary, the main point of this review is that limb
development is variable—but this fact still leaves room for
the possibility that there exists a core of mutually or
hierarchically interdependent developmental mechanisms that
explain the individuality of the tetrapod limb as a morpholog-
ical character. But, is it plausible that necessarily invariant
developmental processes exist in the tetrapod limb?
It is well-supported that the signaling mechanisms for the
three main axes of amniote limb buds are mutually
interdependent. For example, the AER and the ZPA are
mutually interdependent in their induction and maintenance
(Niswander et al., 1994; Vogel and Tickle, 1993). Further-
more, because of the existence of a ZPA and fin fold (thought
to be homologous to the AER) in non-tetrapod osteichthyans,
it is believed that these signaling centers are phylogenetically
older than the autopod (Grandel, 2003; Hinchliffe, 2002;
Sordino and Duboule, 1996). In addition, the development of
the autopod critically depends on both the ZPA and the AER
(Chiang et al., 2001; Kraus et al., 2001; Pagan et al., 1996;
Saunders, 1948), suggesting that the innovation of the
autopod built upon this pre-existing interdependence between
ZPA and apical ectoderm. It is quite plausible that the
mechanisms of anterior–posterior signaling are hard to
dispense with or change as long as they are also important
for the development of the autopod and as long as autopodial
structures are necessary for the lineage’s survival. It is still
unclear whether the uniqueness and integrity of the tetrapod
limb are caused by a core network of ‘‘trapped’’ develop-
mental interactions. But, the innovation of the tetrapod limb
by the addition of autopod development mechanisms to an
ancestral fin exhibits enticing similarity to the innovation of
feathers by modifications to ancestral scale development
mechanisms (Prum, 1999). This invites speculation that, like
feathers, the tetrapod limb may have some essential,
unalterable, mechanisms of development.
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